BACKGROUND: Several ␤-adrenergic receptor (␤AR) antagonists have been shown to have neuroprotective effects against cerebral ischemia. However, clenbuterol, a ␤ 2 AR agonist, was shown to have neuroprotective activity by increasing nerve growth factor expression. We used ␤ 2 AR knockout mice and a ␤ 2 selective antagonist to test the effect of loss of ␤ 2 ARs on outcome from transient focal cerebral ischemia. METHODS: Ischemia was induced by the intraluminal suture method, for 60 min of middle cerebral artery occlusion (MCAO) followed by 24 h reperfusion. Neurological score was determined at 24 h reperfusion and infarct size was determined by cresyl violet or 2,3,5-triphenyltetrazolium chloride staining. ␤ 2 AR knockout mice and wild-type congenic FVB/N controls were studied, as well as 2 groups of wild type mice given either ICI 118,551 (0.2 mg/kg) or 0.9% saline intraperitoneally 30 min before MCAO (n ϭ 10 per group). Changes in expression of heat shock protein (Hsp)72 after ischemia were examined by immunohistochemistry and western blots. RESULTS: Compared with wild type littermates, infarct volume was decreased by 22.3% in ␤ 2 AR knockout mice (39.7 Ϯ 10.7 mm 3 vs 51.0 Ϯ 11.4 mm 3 , n ϭ 10/group, P ϭ 0.034) after 60 min of MCAO followed by 24 h reperfusion. Pretreatment with a ␤ 2 AR selective antagonist, ICI 118,551, also decreased infarct size significantly, by 25.1%, compared with the saline control (32.8 Ϯ 11.9 mm 3 vs 43.8 Ϯ 10.3 mm 3 , n ϭ 10/group, P ϭ 0.041). Neurological scores were also significantly improved in mice lacking the ␤ 2 AR or pretreated with ICI 118,551. After cerebral ischemia, total levels of Hsp72 and the number of Hsp72 immunopositive cells were greater in mice lacking ␤ 2 AR. CONCLUSION: Brain injury is reduced and neurological outcome improved after MCAO in mice lacking the ␤ 2 AR, or in wild type mice pretreated with a selective ␤ 2 AR antagonist. This is consistent with a shift away from prosurvival signaling to prodeath signaling in the presence of ␤ 2 AR activation in cerebral ischemia. Protection is associated with higher levels of Hsp72, a known antideath protein.
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The effect of ␤ 2 AR signaling in the setting of cerebral ischemia is complex and warrants further study. ␤-Adrenergic receptors (␤ARs) are seven transmembrane helix G-protein-coupled receptors. While all three known subtypes, ␤ 1 AR, ␤ 2 AR, and ␤ 3 AR, are found in brain, the ␤ 3 AR subtype has limited expression. [1] [2] [3] Important differences between ␤ 1 AR and ␤ 2 AR signaling and cellular effects have been described. In cardiac myocytes, ␤ 1 ARs couple only to stimulatory G-protein (Gs), while ␤ 2 ARs first couple to Gs, but with several minutes of continuous stimulation switch to inhibitory G-protein (Gi) coupling. 4 Gi-mediated ␤ 2 AR signaling in myocytes has been shown to be protective against some insults associated with ischemic stress. 5 However, there are likely subtype-specific differences in other cell types, and these receptors likely couple to different responses in different cell types. Mice lacking the ␤ 2 AR were found to have normal resting cardiovascular physiology, no change in ␤ 1 AR expression, and an increased tolerance to acute stress shown by greater total exercise capacity, 6 but a greater vulnerability to chronic myocardial stress. 7 Whether ␤ 1 AR or ␤ 2 AR activation protects the brain against ischemia is the topic of debate. Both in experimental animal models of cerebral ischemia and in the clinical setting of cardiac surgery, several ␤AR antagonists (d-and l-propranolol, carvedilol, esmolol, and landiolol) have been shown to protect the brain from ischemia. 8 -13 However, these agents vary in that some are mixed ␤ 1 AR/␤ 2 AR antagonists, others are relatively ␤ 1 AR-specific, some have antioxidant properties, and some influence signaling pathways not typically impacted by ␤AR antagonists. In contrast to these studies showing protection with antagonists, the ␤ 2 AR agonist clenbuterol provided neuroprotection from forebrain ischemia and focal ischemia by increasing nerve growth factor (NGF) expression and activating astrocytes. 14, 15 Activation of both ␤ 1 AR and ␤ 2 ARs was associated with astrocyte activation and protection against excitotoxicity in mixed hippocampal cultures. 16 Reduced infarct volume was observed with ␤ 2 activation in a mouse permanent focal ischemia model, 16 while others reported protection with ␤ 1 antagonists and nonspecific ␤AR blockade. 10 It is thus difficult to ascribe either beneficial or deleterious effects to the blockade of either ␤ 1 ARs or ␤ 2 ARs based upon the published studies.
Heat shock protein72 (Hsp72), the highly stressinducible member of the Hsp70 family, contains an ATF-like element in its promoter region, making its induction sensitive to cyclic adenosine monophosphate (cAMP) as well as other promoter elements responsive to heat and other stresses. Agents that increase cAMP increase Hsp72, 17 and a ␤AR agonist elevated Hsp72 levels in bronchial epithelial cells. 18 Hsp72 blocks both necrotic and apoptotic cell death and reduces ischemic brain injury. 19, 20 Since ␤ 1 and ␤ 2 AR differentially affect cAMP due to the ability of ␤ 2 AR to switch from Gs coupling, which increases cAMP to Gi coupling which does not, we also tested whether levels of induction of Hsp72 differed between wild type (WT) and ␤ 2 AR knockout (KO) mice.
In this study, we readdress the possible role of the ␤ 2 AR subtype in modulating infarct size and neuroscore after transient middle cerebral artery occlusion (MCAO) with ␤ 2 KO mice and ICI 118,551, a ␤AR antagonist that is 100-fold more selective for the ␤ 2 AR than the ␤ 1 AR. 21 A secondary goal was to evaluate the effect loss of ␤ 2 AR activation on production of Hsp72. We provide evidence that transient focal ischemic brain injury is attenuated in mice lacking ␤ 2 ARs, with similar reduction of injury observed with a highly selective ␤ 2 AR antagonist. This protection was associated with greater induction of Hsp72.
METHODS

Transient Focal Ischemia
All experiments were performed according to a protocol approved by the Stanford Institutional Animal Care and Use Committee. Male adult ␤ 2 ARdeficient FVB/N (KO) mice and congenic FVB/N (WT) mice weighing 25 to 30 g were used. The KO mice are those produced by targeted gene disruption. 6 Transient focal ischemia was induced by the intraluminal suture method of MCAO originally described by Longa et al. 22 Briefly, mice were anesthetized with isoflurane (3% initial, 1.0%-1.5% maintenance) and 60% nitrous oxide in oxygen with spontaneous respiration via mask. Under the operating microscope, the left common carotid artery (CCA), internal carotid artery, and external carotid artery were exposed through a midline neck incision. The proximal portions of the left CCA and the external carotid artery were ligated and a 6 -0 silicon-coated nylon suture was introduced into the CCA and advanced about 9 mm beyond the carotid bifurcation for transient occlusion of the middle cerebral artery (MCA). Animals were allowed to awaken from anesthesia during MCAO and returned to their cages. After 60 min, reperfusion was obtained by withdrawal of the suture. During all surgical procedures, animals were maintained normothermic (37°C Ϯ 0.5°C) by means of a servo controlled heating blanket (Harvard Apparatus, Holliston, MA) with rectal temperature monitoring. Pulse oximetry (Spo 2 ), heart rate, and respiratory rate were monitored continuously (STARR life sciences Corp., Allison Park, PA). Plasma glucose concentration was measured before MCAO, 5 min and 24 h after reperfusion. Animals with no observable deficits immediately after ischemia, those that died before 24 h, generally 10%-15%, and those with subarachnoid hemorrhage at the time of death were excluded from analysis. Sham-treated animals received all surgical procedures but the filament was not inserted into the MCA.
For animals pretreated with either ICI 118,551 (0.2 g/g, Sigma-Aldrich, Milwaukee, MI) or saline, the active drug or carrier was administered intraperitoneally to FVB mice 30 min before MCAO (n ϭ 10 per group, WT FVB/N mice). Additional mice were used to assess the effect of ICI 118,551 treatment on Hsp72 levels. Brains were collected at 2 times after injection (n ϭ 2 each at 5 h and 24 h after injection, for both drug and vehicle treatment groups) for immunoblotting to detect Hsp72 expression.
After 24 h reperfusion, neurological evaluation was performed by the method of Garcia et al. 23 This consisted of six tests: spontaneous activity, symmetry in the movement of four limbs, forepaw outstretching, climbing, body proprioception, and response to vibrissae touch. The score given to each mouse at the completion of the evaluation is the sum of all six individual test scores. The maximum is 18 in a normal animal. Both surgeon and neurologic scorer were blinded to the genotype or pharmacological treatment group.
Determination of Infarct Volume
At 24 h after MCA occlusion and after neurological assessment, the mice were deeply anesthetized with isoflurane, and brains were harvested rapidly after perfusion with cold phosphate buffered saline and cold 4% paraformaldehyde. For histological analysis, brains were cut into 40 micron coronal sections with a vibratome. Coronal sections taken at rostral 2.34 mm, 1.34 mm, 0.26 mm, and caudal Ϫ0.70 mm, Ϫ1.70 mm, and Ϫ2.70 mm to bregma were assessed by cresyl violet staining. The infarct area was measured by a blinded observer using digital imaging and image analysis software (Image J 1.37v, Wayne Rasband, available through National Institutes of Health). Infarct area was corrected for edema using the method of Swanson et al. 24 The person assessing infarct areas was blinded to the genotype of each brain. Cresyl violet staining allows the same brains to be used for additional histological analysis.
For ICI 118,551-treated mice and vehicle controls brains were removed, sectioned, and incubated in 2% 2,3,5-triphenyltetrazolium chloride (TTC) in saline for 20 min at 37°C. To determine infarct volume by TTC staining, six slices per rat were analyzed by a blinded observer using the National Institutes of Health Image program as previously described. 24, 25 
Immunohistochemistry and Immunoblot
Immunohistochemistry was performed to assess Hsp72 expression after 24 h reperfusion. Free-floating sections were incubated in primary antibody to Hsp72 (1:500, SPA-810, StressGen Biotechnologies, Victoria, Canada) overnight at 4°C, followed by fluorescein isothiocyanate-conjugated secondary antibody at room temperature for 1 h. Images were viewed with an epifluorescence microscope (Zeiss Axiovert 200M, Carl Zeiss, Goettingen, Germany) and brain regions were selected for cell counting based on a previously published procedure. 26 For Hsp72 staining, positive cells were counted in five randomly selected nonoverlapping fields within the cortex adjacent to the outer boundary of the infarct. Cell counts were performed by an investigator blinded to the conditions of the experiment.
Western blotting was performed to quantify Hsp72 expression. The ipsilateral hemisphere was homogenized in lysis buffer (10 mM HEPES [pH 7.9], 1.5 mM MgCl 2 , 10 mM KCl, 1 mM dithiothreitol) plus 0.2% Nonidet P-40, 1 mM phenylmethylsulfonyl fluoride, 4 mM benzamidine, 10 mg of leupeptin per mL, and 10 mg of aprotinin per mL, kept on ice for 10 min, sonicated for 30 s, and centrifuged at 10,000g for 30 min. The supernatant was collected as the cytoplasmic fraction. Protein concentrations were determined by the bicinchoninic acid method (BCA TM Protein Assay Kit, Pierce, Rockford, IL). Samples containing equal amounts of protein (80 g) were resolved by 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis (Catalog No. 161-1155, Bio-Rad Laboratories, Hercules, CA). The proteins were transferred to a polyvinylidinene fluoride membrane (IPVH00010, Millipore, Bedford, MA), probed with anti-Hsp72 primary antibody (1:1000, SPA-810, StressGen Biotechnologies, Victoria, Canada) and visualized by horseradish peroxidaseconjugated antimouse immunoglobulin G (sc-7076, 1:2000; Santa Cruz Biotechnology, Santa Cruz, CA) and chemiluminescence (Amersham ECL Western Blotting Analysis System, Buckinghamshire, UK). Membrane was stripped and reprobed with anti-␤-actin antibody (sc-1616, 1:1000, Santa Cruz Biotechnology, Santa Cruz, CA). Densitometric analysis of the bands was performed using image J software. Hsp72 band intensity was normalized to ␤-actin.
Statistics
Data are presented as mean Ϯ sd. For physiologic data, differences between groups were determined by t-test for unpaired data and differences between time points in each group were determined using analysis of variance followed by post hoc Fisher's least significant difference test. All other data were evaluated by t-test for unpaired data. All statistical analyses were performed on a personal computer with the SPSS program. Differences were considered significant at P Ͻ 0.05.
RESULTS
␤ 2 AR Knockout Reduced Infarct Volume and Reduced Neurological Deficits
No significant differences were observed between WT and KO mice in respiratory rate, Spo 2 , body temperature, blood glucose at baseline, and 24 h after reperfusion. At the end of the ischemic period heart rate was higher in KO mice than in WT (471 Ϯ 42 vs 529 Ϯ 43, P ϭ 0.007) and blood glucoses were increased slightly (106 Ϯ 9 vs 114 Ϯ 7, P ϭ 0.043) ( Table 1 ). Animals in both groups lost body weight by the 24 h time point after injury (16.5% Ϯ 5.2% in WT vs 14.2% Ϯ 4.6% in KO, difference not significant). Infarct volume was assessed by cresyl violet staining after 24 h reperfusion. As shown in Figure 1A , brain sections had smaller infarct areas in KO mice than WT mice. Infarct area measurements were significantly lower at individual levels of 2.34 and Ϫ0.70 mm from bregma (Fig. 1B) , and total infarct volume was significantly decreased by 22.3% in KO mice compared to WT littermates (39.7 Ϯ 10.7 mm 3 vs 51.0 Ϯ 11.4 mm 3 , n ϭ 10/group, P ϭ 0.034, Fig. 1C ). The neurological scores were modestly but significantly better in KO mice compared with WT ( Fig.  1D ).
Selective ␤ 2 AR Antagonism Reduced Infarct Volume and Reduced Neurological Deficits
Because KO mice may have developed some compensation for the absence of ␤ 2 ARs during development, we also tested the effect of acutely blocking ␤ 2 AR in normal mice using the selective antagonist ICI 118,551. Physiologic variables were measured and were not significantly different between saline and drug-treated mice ( Table 2 ). As shown in Figure 2A , a representative brain section from an ICI 118,551-treated mouse shows a smaller infarct area than that from a saline-treated control mouse. The infarct volume of ICI 118,551-treated mice assessed by TTC staining was significantly reduced, by 25.1%, compared to saline controls (32.8 Ϯ 11.9 mm 3 vs 43.8 Ϯ 10.3 mm 3 , P ϭ 0.041, Fig. 2B ). Neurological scores were also significantly improved in ICI 118,551 treated mice (Fig. 2C) . The extent of protection was similar in the drug treated mice compared to the genetically modified mice. ICI 118,551 treatment did not increase Hsp72 levels in brain assessed by immunoblot either 5 or 24 h following injection (data not shown).
␤ 2 AR Knockout Mice had a Greater Increase in Hsp72 Expression After Ischemia
Hsp72 expression after ischemia was assessed by immunohistochemistry and Western blot. Sham brain sections showed no Hsp72 immunoreactivity except for faint background staining. After MCAO, the number of Hsp72 immunopositive cells in the penumbra increased to a significantly greater extent in KO mice compared to WT mice (Figs. 3A and B) . Western blots showed that cytosolic Hsp72 expression was increased to a significantly greater extent in the ischemic hemisphere of KO mice compared to WT mice (Figs. 3C and D) .
DISCUSSION
The exact role of the ␤-adrenergic system in modulating ischemic cerebral injury is unclear. Clenbuterol, a ␤ 2 AR agonist, has been shown to have neuroprotective activity against transient forebrain ischemia and focal ischemia, an action that is dependent on induction of NGF expression. 14 -16,27,28 In contrast, others have found that propranolol, a nonspecific ␤AR blocker is neuroprotective against focal ischemia, and inhibits NGF synthesis induced by clenbuterol. 10, 29 Furthermore, induction of NGF observed with clenbuterol was limited to the cortex. Since ␤AR antagonists that block NGF induction by an agonist also provide protection, the involvement of ␤AR in stroke is complex. It is possible that changes in the regulation of multiple processes, including metabolism, apoptosis, inflammation, and other pathways activated in ischemic brain injury, are also influenced by ␤AR activation. Mice lacking the ␤ 2 AR were previously shown to have greater exercise tolerance than WT, and this was associated with a lower respiratory exchange ratio. 6 We can only speculate that related mechanisms may also be relevant in acute brain ischemia. Studies in cardiac myocytes have shown that ␤ 1 AR and ␤ 2 AR possess distinct functions in response to identical stimuli. Because of the similarities between the ␤ 1 AR and ␤ 2 AR agonist binding sites, pharmacologic intervention at the agonist binding site does not clearly reveal subtype-specific properties. Thus, in this study, we chose to use mice lacking a ␤ 2 AR. However, since permanent absence of these receptors in the KO mice may have affected other pathways, we also compared the findings in the ␤ 2 KO mice with mice treated acutely with a relatively specific ␤ 2 AR antagonist, ICI 118,551.
␤AR signaling and subtype-specific effects on cell death and survival pathways have been studied in cardiac myocytes. While ␤ 1 AR couples only to stimulatory G-protein (Gs), ␤ 2 AR has been shown to couple initially to Gs but then switch to Gi. Inhibiting ␤ 2 AR-Gi coupling, the ␤␥ subunit of Gi (G ␤␥ ), or phosphoinositide 3 kinase, converts ␤ 2 AR signaling from prosurvival to proapoptotic in myocytes. 5, 30 In contrast, ␤ 1 AR stimulation in the cardiac myocyte elicits a proapoptotic signal mediated by a protein kinase A-independent Ca 2ϩ /Calmodulin kinase II pathway. [31] [32] [33] Even in myocytes, ␤ 2 signaling can generate both pro-and antiapoptotic signaling. 30 Whether the same signaling pathways are activated by the ␤AR subtype in neuronal cells is currently unclear. Levels of cAMP were not measured in these studies, so we do not know if they are increased or decreased in KO mice. Several studies suggest that ␤ 2 AR signaling is highly localized due to its participation in a signaling complex, including observations in hippocampal neurons showing coupling to a L-type calcium channel, as well as both the kinases to produce cAMP and the counterbalancing phosphatase. 34 Our data indicate greater induction of Hsp72 after cerebral ischemia in ␤ 2 AR KO mice than in WT mice. Hsp72 inhibits both apoptotic and necrotic cell death, and over-expression of Hsp72 provides protection from cerebral ischemia and ischemia-like insults. 25, 35, 36 Conversely, Hsp72 deficiency leads to worsened outcome after experimental stroke. 37 After MCAO in the rat, Hsp72 is expressed both in the penumbra 38 and in regions distant from sites of primary damage, but which may be affected by spreading depression. 39 Our findings of greater Hsp72 expression in KO mice are consistent with better protection by a more robust stress response. However, the mechanism underlying this effect is currently unknown. Among signals for the induction of Hsp72, catecholamines play a key role. Catecholamines have been shown to upregulate intracellular and extracellular Hsp72 via a ␣1 AR pathway rather than through ␤ 2 AR. 40 -43 As noted above, higher cAMP levels might contribute. Besides augmenting Hsp72 expression, it is likely that the loss of ␤ 2 AR exerts neuroprotective effects by additional parallel mechanisms. For example, inflammatory mechanisms have recently been suggested to contribute both to exacerbation of ischemic brain injury and to recovery and repair. The potential contribution of modulation of inflammation after ischemia in ␤ 2 AR KO mice merits further investigation.
The possibility that differences in hemodynamic response of ␤ 2 KO and WT animals to ischemia might have contributed to the protection seen in the KO animals should also be considered. Although our heart rate data show greater increases in heart rate in the ␤ 2 KO animals at the time of MCAO than WT animals, this was not seeing with ICI 118, 551. Given that mice treated with ICI 118,551 demonstrated equivalent cerebral protection as ␤ 2 KO mice, our data do not suggest that the heart rate difference can fully account for the difference in infarct size in ␤ 2 KO mice when compared to WT mice.
Evidence suggests that ␤ 1 AR and ␤ 2 AR form heterodimers in mouse cardiac myocytes. 44 -46 The full physiologic consequence of ␤ 1 /␤ 2 AR heterodimerization is unclear. Zhu et al. 46 demonstrated that compared to expression of either ␤AR subtype alone, co-expression of ␤ 1 /␤ 2 AR on mouse cardiac myocytes results in increased affinity for isoproterenol, and increased cAMP production. These results suggest that in cardiac myocytes, the ␤AR subtypes work in synergy to optimize sympathetic control of myocardial performance. If there were a similar mechanism of ␤AR synergism in the brain, one could postulate that if ␤ 1 AR activity in the setting of cerebral ischemia is detrimental, inhibiting either ␤ 1 AR or ␤ 2 AR activity (pharmacologically or by transgenic methods) would be beneficial. This would be consistent with findings that nonselective ␤AR antagonists and relatively selective ␤ 1 antagonists show benefit in models of cerebral ischemia. Furthermore, manipulating the ␤ 2 AR may have consequences for the other members of the adrenergic system as well. Several studies show that the ␤ 2 AR also can heterodimerize with ␤ 3 AR, ␣ 2A AR, and ␣ 1D AR in human embryonic kidney 293 cells. [47] [48] [49] The physiologic consequences of these interactions are unknown. Nevertheless, the present work demonstrates the neuroprotective effect of both genetic deletion and blockade of ␤ 2 AR against focal cerebral ischemia at 24 h survival, and its association with greater induction of Hsp72. These results provide more evidence for an important role of ␤ 2 AR in influencing the outcome from stroke, and warrant future studies of longer survival times using this strategy.
